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Abstract
We analyze the effects of introducing vector fermions in the Higgs Triplet Model. In this sce-
nario, the model contains, in addition to the Standard Model particle content, one triplet Higgs
representation, and a variety of vector-like fermion states, including singlet, doublet, and triplet
states. We investigate the electroweak precision variables and impose restrictions on model pa-
rameters. We show that, for some representations, introducing vector quarks significantly alters
the constraints on the mass of the doubly charged Higgs boson, bringing it in closer agreement
with experimental constraints. We also study the effects of introducing the vector-like fermions on
neutral Higgs phenomenology, in particular on the loop-dominated decays H → γγ and H → Zγ,
and the restrictions they impose on the parameter space.
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I. INTRODUCTION
The Standard Model (SM) of particle physics has received a big boost of confidence from
the LHC Higgs data [1], as the discovery of the Higgs boson completes the model, and as the
model appears so far to satisfy most, if not all, experimental constraints. Yet the SM fails to
answer some fundamental questions, from both the theoretical and the experimental sides.
Extensions of the SM resolve some of these questions, and while their predictions can overlap
with the SM for phenomena where SM fits the experimental data, they can also resolve some
conflicts of the SM with the data where such discrepancies exist. For instance, supplementing
the SM by an additional complex Higgs triplet representation resolves naturally the origin
of the neutrino mass [2], the existence of dark matter [3], and provides an explanation for
the excess in the Higgs decay into two photons [4].
In addition to scalar fields, the SM can be extended by additional fermionic particles.
Some of the simplest extensions would include an additional pair of chiral fermions, mim-
icking the already-existing fermion representations. However such models are all but ruled
out by the Higgs data. An exception to this may be provided by including such additional
representations in the Higgs Triplet Model (HTM) with non-trivial mixing between the
neutral CP-even Higgs states [5], but even there the parameter space is under significant
pressure, and may be ruled out by data from the LHC operating at 13 TeV. The addition of
non-chiral fermionic representations, such as vector quarks and/or vector leptons, is much
less constrained. Vector-like fermions, which decay into SM fermions and a gauge boson
or a Higgs particle, are predicted by extra-dimensional models [6], little Higgs models [7],
heterotic string and string D-brane theories [8] and by some composite Higgs models [9].
Vector-like fermions do not acquire mass through Yukawa couplings, they only affect the
loop-dominated Higgs decay, and they may provide a better fit to the LHC Higgs data [10].
A great deal of literature is dedicated to analyses of vector fermions in the SM [11–13], as
well as in model-independent scenarios [14].
In general, fewer studies involve introducing vector fermions into specific non-SM models.
Supplementing these models by additional vector fermion states can alleviate some of the
restrictions on the parameters in these scenarios. For instance, adding vector leptons in the
two Higgs doublet model [15] alleviates electroweak precision constraints. In supersymmetry,
vector leptons can improve vacuum stability and enhance the di-photon rate by as much as
2
50% [16].
In a previous work [17] we showed that, if light enough, vector leptons introduced into
the Higgs Triplet Model modify both the decay rates of the neutral Higgs boson into two
photons, and the decay patterns and branching ratios of the doubly charged Higgs bosons.
In this work, we extend our study to a carefully general consideration of the theoretical
and phenomenological implications of additional vector-like quarks states in the HTM. The
effects of the vector quarks in the Higgs Triplet Model on the Higgs decays has been in-
vestigated before in [18], where the authors showed that for some values of the couplings
between the Higgs boson and the vector-like quarks, the decay H → γγ can be enhanced.
Our approach here is very different than theirs. We specify the possible hypercharge assign-
ments for the new quarks, and then allow their masses and couplings to be free parameters.
We study cases in which vector-like states couple to the gauge fields and mix weakly with
SM quarks of the third generation only, to avoid flavor violation problems. We investigate
the precision electroweak constraints due to their presence in the HTM and the impact of
vector-like states on the Higgs branching fractions, particularly into two photons and into
Zγ. Unlike vector leptons, vector-like quarks affect both the production cross section and the
decay rates of the Higgs bosons. We present numerical results which restrict the masses and
mixings of the new vector-like quarks, and which have implications for future vector fermion
searches. We also revisit the implications of their inclusion for doubly charged Higgs states.
Our work is organized as follows. In the next section Sec. II we summarize the basics
features of the Higgs Triplet Model without (in II.1) and with (in II.2 )vector-like quarks.
We define the representations, as well as masses and mixing parameters. We proceed by
examining the electroweak precision constraints in Sec. III in the HTM, again without (III.1)
and with (III.2) vector-like quarks. In the same section, we present a numerical analysis on
the restrictions coming from the oblique parameters on the masses of the doubly charged
Higgs bosons, and on the masses and mixing parameters with third generation quarks for
the vector-like quarks, in III.3. These restrictions are then applied to evaluation of the
relative (with respect to the SM) branching decay rates for H → γγ and H → Zγ in Sec.
IV. We summarize our findings and conclude in Sec. V. Some definition of our parameters
are included in the Appendix VI.
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II. THE MODEL
II.1. Higgs Triplet Model
The Higgs Triplet Model (HTM) has been studied extensively in [19, 20]. The symmetry
group is the same as that in the SM, SU(2)L×U(1)Y , but one triplet field ∆ with hypercharge
Y = 1 is added to the SM Higgs sector, which already contains one isospin doublet field Φ
with hypercharge Y = 1/2. The Higgs fields are given by:
Φ =
 ϕ+
1√
2
(ϕ+ vΦ + iχ)
 , ∆ =
 ∆+√2 ∆++
1√
2
(δ + v∆ + iη) −∆+√2
 , (2.1)
where vΦ and v∆ are the VEVs of the doublet Higgs field and the triplet Higgs field, with
v2 ≡ v2Φ + 2v2∆ ' (246 GeV)2. The Higgs potential involving the doublet Φ and triplet ∆ is
V (Φ,∆) = m2Φ†Φ +M2t Tr(∆
†∆) +
[
µΦTiτ2∆
†Φ + h.c.
]
+ λ1(Φ
†Φ)2
+ λ2
[
Tr(∆†∆)
]2
+ λ3Tr[(∆
†∆)2] + λ4(Φ†Φ)Tr(∆†∆) + λ5Φ†∆∆†Φ, (2.2)
with parameters (all assumed real), m and Mt the Higgs bare masses, µ the lepton-number
violating parameter, and λ1-λ5, the Higgs coupling constants. The scalar potential in Eq.
(2.2) induces mixing among the physical states for the singly charged, the CP-odd, and the
CP-even neutral scalar sectors, respectively:
 ϕ±
∆±
 =
 cos β± − sin β±
sin β± cos β±
 w±
H±
 ,
 χ
η
 =
 cos β0 − sin β0
sin β0 cos β0
 z
A
 ,
 ϕ
δ
 =
 cosα − sinα
sinα cosα
 h
H
 , (2.3)
with mixing angles given by
tan β± =
√
2v∆
vΦ
, tan β0 =
2v∆
vΦ
,
tan 2α =
v∆
vΦ
2v2Φ(λ4 + λ5)− 4M2∆
2v2Φλ1 −M2∆ − 2v2∆(λ2 + λ3)
. (2.4)
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The CP-even Higgs states which mix with the angle α are given, in terms of the couplings
in the scalar potential, by
m2h = 2v
2
Φλ1 cos
2 α +
[
M2∆ + 2v
2
∆(λ2 + λ3)
]
sin2 α +
[
2v∆
vΦ
M2∆ − vΦv∆(λ4 + λ5)
]
sin 2α,
(2.5)
m2H = 2v
2
Φλ1 sin
2 α +
[
M2∆ + 2v
2
∆(λ2 + λ3)
]
cos2 α−
[
2v∆
vΦ
M2∆ − vΦv∆(λ4 + λ5)
]
sin 2α,
(2.6)
where we defined M2∆ ≡
v2Φµ√
2v2∆
. Note that, while the mixing angles in the charged and
CP-odd sectors are constrained to be small by the hierarchy of the VEVs, the same is not
necessarily the case for α. In fact, as we have previously shown, if and only if α is allowed
to be non-zero, yielding significant mixing in the CP-even neutral sector, the decay of one
of the neutral Higgs bosons into two photons can be enhanced [4]. The parameters of the
model are restricted by the values of the W and Z masses and the electroweak ρ parameter,
defined at tree level
m2W =
g2
4
(v2Φ + 2v
2
∆), m
2
Z =
g2
4 cos2 θW
(v2Φ + 4v
2
∆),
ρ ≡ m
2
W
m2Z cos
2 θW
=
1 +
2v2∆
v2Φ
1 +
4v2∆
v2Φ
, (2.7)
insuring the smallness of v∆/vΦ. The parameters of the model are further restricted by the
smallness of the Majorana neutrino masses, proportional to the lepton number violating
coupling constant µ
(mν)ij =
√
2hijv∆ = hij
µv2Φ
M2∆
, (2.8)
requiring µ  M∆ for the smallness of the neutrino masses to be explained by the type II
seesaw mechanism.
In a previous work [17] we have shown that introducing vector-like leptons in the model
can significantly alter the decay patterns of the doubly charged Higgs bosons and thus modify
the experimental bounds on their masses. We adopt here the same model parameters, and
allow sinα to vary, set mh = 125 GeV and mH = 98 GeV. We proceed by introducing
vector-like quarks and study their effects in the HTM.
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II.2. Higgs Triplet Model with Vector-Like Quarks
In considering addition of vector leptons to the Higgs Triplet Model, the representations
considered included SU(2)L lepton doublets, right-handed charged and neutral vector sin-
glets and their mirror images. Our assumption was that the vector-like leptons can be light,
and then introduced a parity symmetry which forbade mixing between the new vector-like
fields (odd under this symmetry) and the ordinary leptons (even under the same symmetry).
This insured that flavor, stringently constrained in ordinary lepton decays, was not violated.
Introduction of vector-like quarks imposes different constraints on the HTM, and thus
the scenarios presented here would be qualitatively different from those introduced in [17].
First, vector-like quarks affect both the production and decay of the Higgs bosons at the
LHC. Second, flavor violation is less constrained in the quark sector, allowing the new vector-
like states to mix weakly with the third family of ordinary quarks. In this subsection we
introduce vector-like quarks into the model, and in the next section we study their effects. We
first classify the vector-like quarks in terms of multiplets of SU(2)L × U(1)Y , then proceed
by writing gauge invariant interactions for each. The new states interact with the Higgs
states through Yukawa interactions. The allowed multiplet states for the vector-like quarks,
together with their nomenclature, are listed in Table I [11–13]. The first two representations
are U -like and D-like singlets, the next three are doublets (one SM-like, two non-SM like),
and the last two are triplets. The various representations are distinguished by their SU(2)L
and hypercharge numbers.
TABLE I. Representations of Vector-Like Quarks, with quantum numbers under SU(2)L×U(1)Y .
Name U1 D1 D2 DX DY TX TY
Type Singlet Singlet Doublet Doublet Doublet Triplet Triplet
T B
 T
B
  X
T
  B
Y


X
T
B


T
B
Y

SU(2)L 1 1 2 2 2 3 3
Y 2/3 −1/3 1/6 7/6 −5/6 2/3 −1/3
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In these representations, Yukawa and the relevant interaction terms between the vector-
like quarks and SM quarks are [21]
LSM = −yuq¯LHcuR − ydq¯LHdR
LU1,D1 = −λuq¯LHcU1R − λdq¯LHD1R −MU¯LUR −MD¯LDR,
LD2 = −λuD¯2LHcuR − λdD¯2LHdR −MD¯2LD2R ,
LDX ,DY = −λuD¯XLHuR − λdD¯YLHcdR −MD¯XLDXR −MD¯YLDYR ,
LTX ,TY = −λuq¯LτaHcT aXR − λdq¯LτaHT aYR −M T¯XLTXR −M T¯YLTYR . (2.9)
After the spontaneous symmetry breaking, the Yukawa interactions generate mixing between
the SM quarks and the vector quarks at tree level. The singlet vector-like quark and the
triplet vector-like quark exhibit similar mixing patterns, while the doublet vector-like quark
has a different mixing pattern [21]. To avoid conflicts with low energy experimental data,
we consider that the vector-like quarks mix with the third generation of SM quarks only.
The mass matrix for the mixing between mt and mT can be diagonalized by two mixing
matrices:
V uL =
 cos θuL sin θuL
− sin θuL cos θuL
 , V uR =
 cos θuR sin θuR
− sin θuR cos θuR
 , (2.10)
for the singlet/triplet vector quark, such that cos θuL − sin θuL
sin θuL cos θ
u
L
 yuv√2 xt
0 M
 cos θuR sin θuR
− sin θuR cos θuR
 =
mt 0
0 mT
 , (2.11)
where mT ≥ M ≥ mt. Similar relations hold for mb and mB. The relations between the
tree-level input parameters and the mixing angles and masses are given by [22]:
y2uv
2
2
= m2t
(
1 +
x2t
M2 −m2t
)
m2T = M
2
(
1 +
x2t
M2 −m2t
)
,
sin θu,dL =
Mxt(b)√
(M2 −m2t(b))2 +M2x2t(b)
sin θu,dR =
mt(b)xt(b)√
(M2 −m2t(b))2 +M2x2t(b)
, (2.12)
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where xt =
λuv√
2
and xb =
λdv√
2
. For the case of doublets, the diagonalization can be carried
out in a similar way: cos θuL − sin θuL
sin θuL cos θ
u
L
 yuv√2 0
x M
 cos θuR sin θuR
− sin θuR cos θuR
 =
mt 0
0 mT
 . (2.13)
The relations between the parameters are the same, except that the formulas for the left-
and right-handed mixing angles are interchanged:
sin θu,dL =
mt(b)xt(b)√
(M2 −m2t(b))2 +M2x2t(b)
,
sin θu,dR =
Mxt(b)√
(M2 −m2t(b))2 +M2x2t(b)
. (2.14)
We use the shorthand notations su,dL ≡ sin θu,dL and cu,dL ≡ cos θu,dL . Note that in the TX triplet
model, the two mixing angles are related to each other by xb =
√
2xt. In the TY model,
for bottom sector xb = −xt and for the the top the same formulas as in other case apply,
with xt →
√
2xt [21, 22]. All multiplets thus involve at least one mixing angle. These mixed
states will be used to express interactions with the Higgs and gauge bosons, and constrain
those interactions. The mixing of a b quark with a heavy vector-like B quark modifies the
Zbb¯ coupling at the tree level, while the mixing between a t quark with a heavy vector-like
T modifies the Wbt¯ vertex. We compute both of these, using analytical expressions. In D1
model1, the strongest tree level bound comes from correction to Zblb¯l coupling:
δRb = 2Rb(1−Rb)δgZbL
δgSMZbL
, (2.15)
where
δgSMZbL = 1−
2
3
sin2 θW , δgZbL = s
d 2
L . (2.16)
Here gSMZbL is Z-boson coupling to the left-handed b quark in the SM, Rb is defined as
Γ(Z → bb¯)
Γ(Z → hadrons), with its SM value Rb = 0.21578
+0.0005
−0.0008 [21]. Electroweak measurements
constraints for the deviation δRb due to the new physics effects are δRb = 0.00051± 0.00066
[23], and experimental restrictions [24] are [Zbb¯]exp = 0.21629± 0.00066. The relevant cou-
plings for the models analyzed are included in the Appendix.
1 These corrections are scenario-dependent. More general formulas have appeared elsewhere [22].
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In DX model, the tree level bound comes from the left-handed Wbt¯ coupling:
δgW
δgSMW
= cuL − 1. (2.17)
Experimental searches for vector-like quarks have set mass limits on some of the represen-
tations. Current experimental bounds depend critically on the details of the models and
assumptions about branching ratios. A lot of searches at ATLAS and CMS focused on a
top-like quark with charge +2/3. The mass limits obtained are mT > 640 GeV, for U1, D2
and TX models [25, 26], and mT > 790 GeV, for DX and TY models [26]. Some bounds
exist for bottom-like vector quarks, and the bounds obtained are mB > 590 GeV, for D1
and TY models [27], and mB > 358 GeV, for D2 and DY models [28]. Mass limits also exist
for the exotic X quarks: mX > 770 GeV, in DX and TX models [29], and for the Y quark
mY > 656 GeV, in DY and TY models [25]. However, the vector-like quarks could have
escaped detection so far by prompt decays, and even relaxed limits on the mixing between
top and vector-like top quarks can avoid the present experimental bounds [12].
III. ELECTROWEAK CONSTRAINTS
The Peskin-Takeuchi parameters S, T and U are commonly used to constrain and char-
acterize new physics, as a means to comparing its predictions with the electroweak precision
data. They can be calculated perturbatively in any model from the gauge boson propagator
functions, and are defined as [30]:
S = 16piRe
[
Π¯3QT,γ(m
2
Z)− Π¯33T,Z(0)
]
,
T =
4
√
2GF
αe
Re
[
Π¯33T (0)− Π¯11T (0)
]
,
U = 16piRe
[
Π¯33T,Z(0)− Π¯11T,W (0)
]
, (3.1)
where the gauge boson two-point functions are defined as Π¯ABT,V (p
2) =
Π¯ABT (p
2)− Π¯ABT (m2V )
p2 −m2V
,
and αe ≡ αe(m2Z). The current experimental bounds defining ∆T = T −TSM,∆S = S−SSM
and considering ∆U = 0, are ∆S = 0.05±0.09, ∆T = 0.08±0.07 [20] . In our considerations
we allow for a more conservative deviation for the ∆T parameter between −0.2 and 0.4 [22].
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III.1. Contributions to the S, T and U-parameters in the HTM
The explicit expressions for the S, T and U parameters for the HTM, including the extra
Higgs representation, but without the vector-like quarks, are
SHTM = 16piRe
[
Π3QHTM,γ(m
2
Z)− Π33HTM,Z(0)
]
,
THTM =
4
√
2GF
αe
Re
[
Π33HTM(0)− Π11HTM(0)
]
,
UHTM = 16piRe
[
Π33HTM,Z(0)− Π11HTM,W (0)
]
. (3.2)
where ΠABHTM(p
2) are the gauge boson two-point functions in the Higgs Triplet Model.The
coupling factors are gˆZ =
gˆ
cos θW
, so
Π3QHTM(p
2) =
ΠZγ(p2)
sin θW cos θW gˆ2Z
+
Πγγ(p2)
cos2 θW gˆ2Z
,
Π33HTM(p
2) =
ΠZZ(p2)
gˆ2Z
+
2 sin θWΠ
Zγ(p2)
cos θW gˆ2Z
+
sin2 θWΠ
γγ(p2)
cos2 θW gˆ2Z
,
Π11HTM(p
2) =
1
cos2 θW gˆ2Z
ΠWWHTM, (3.3)
evaluated at physical momentum transfers scales p2 = 0,m2Z ,m
2
W .
In the HTM with and without vector-like quarks, the S parameter is far less restricted
by the parameters of the model, and does not pose difficulties in any of the models listed in
Table I. While we shall plot the dependence of both S and T parameters on the variables
of the HTM, we give the explicit results for the T parameter only.
The W -boson two-point function in the HTM is [20] :
ΠWWHTM(p
2) =
g2
16pi2
{
g2
[ (vφ
2
cα + v∆sα
)2
B0(p
2,mh,mW ) +
(
−vφ
2
sα + v∆cα
)2
B0(p
2,mH ,mW )
+ 2v2∆B0(p
2,mH±± ,mW ) +
c2β±
2c2W
v2∆B0(p
2,mH± ,mW )
+
1
c2W
[
vφ
2
s2W cβ± +
v∆√
2
(1 + s2W )sβ±
]2
B0(p
2,mZ ,mW )
]
+
e2
4
(v2φ + 2v
2
∆)B0(p
2, 0,mW )
+
[1
4
[
(cαsβ± −
√
2sαcβ±)
2B5(p
2,mH± ,mh) + (cαcβ± +
√
2sαsβ±)
2B5(p
2,mW ,mh)
+ (sαsβ± +
√
2cαcβ±)
2B5(p
2,mH± ,mH) + (sαcβ± −
√
2cαsβ±)
2B5(p
2,mW ,mH)
+ (sβ0sβ± +
√
2cβ0cβ±)
2B5(p
2,mH± ,mA) + (sβ0cβ± −
√
2cβ0sβ±)
2B5(p
2,mW ,mA)
+ (−cβ0sβ± +
√
2sβ0cβ±)
2B5(p
2,mH± ,mZ) + (cβ0cβ± +
√
2sβ0sβ±)
2B5(p
2,mW ,mZ)
]
+ c2β±B5(p
2,mH±± ,mH±) + s
2
β±B5(p
2,mH±± ,mW )
}
. (3.4)
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The photon two-point function is calculated as:
ΠγγHTM(p
2) =
e2
16pi2
[g2
2
(v2φ + 2v
2
∆)B0(p
2,mW ,mW ) + 4B5(p
2,mH±± ,mH±±)
+ B5(p
2,mH± ,mH±) +B5(p
2,mW ,mW )
]
. (3.5)
The Z-boson two-point function in the HTM is
ΠZZHTM(p
2) =
g2Z
16pi2
{
m2Z
[
(cβ0cα + 2sβ0sα)
2B0(p
2,mh,mZ) + (cβ0sα − 2sβ0cα)2B0(p2,mH ,mZ)
]
+ m2W
[
2c2β±s
2
β±B0(p
2,mH± ,mW ) + 2(s
2
W + s
2
β±)
2B0(p
2,mG± ,mW )
] }
+
g2Z
64pi2
[
4(c2W − s2W )2B5(p2,mH±± ,mH±±) + (c2W − s2W − c2β±)2B5(p2,mH± ,mH±)
+ (c2W − s2W − s2β±)2B5(p2,mG± ,mG±) + 2s2β±c2β±B5(p2,mH± ,mG±)
+ (2cαcβ0 + sαsβ0)
2B5(p
2,mH ,mA) + (2sαcβ0 − cαsβ0)2B5(p2,mh,mA)
+ (sαcβ0 − 2cαsβ0)2B5(p2,mH ,mG0) + (cαcβ0 + 2sαsβ0)2B5(p2,mh,mG0)
]
. (3.6)
The photon-Z-boson mixing is calculated as:
ΠZγHTM(p
2) =
g2sW
16pi2cW
{g2
2
√
v2φ + 2v
2
∆
[
vφs
2
W cβ± +
√
2v∆(1 + s
2
W )sβ±
]
B0(p
2,mW ,mW )
− 2(c2W − s2W )B5(p2,mH±± ,mH±±)−
1
2
(c2W − s2W − c2β±)B5(p2,mH± ,mH±)
− 1
2
(c2W − s2W − s2β±)B5(p2,mW ,mW ), (3.7)
where we used the short-hand notation for the Higgs mixing angles s(c)α ≡ sin(cos)α,
s(c)β0 ≡ sin(cos)β0, s(c)β± ≡ sin(cos)β±, and for s(c)W ≡ sin(cos)θW . Here mG± and mG0
are the masses of the Nambu-Goldstone bosons G± and G0, respectively, which in the ’Hooft-
Feynman gauge, are the same as the corresponding gauge boson masses i.e. mG± = mW and
mG0 = mZ . The B0 −B5 functions are listed in [30].
In Fig. 1 we show the dependence of the T and S parameters on the doubly charged
Higgs mass, for v∆ = 1 GeV, for the minimum mixing in the neutral sector, sinα = 0, in the
left panel, and maximum mixing, sinα = 1, in the right panel. The vertical axes are chosen
to indicate the experimental limits. The figure shows that while the S parameter agrees with
experimental constraints over the whole parameter space, the T parameter is very sensitive
to the doubly doubly charged Higgs mass and, if constrained to lie the allowed range, an
upper bound on mH±± of ∼ 266 GeV is required, for the case of no mixing in the neutral
CP-even Higgs sector. The bound is slightly raised for sinα = 1 (maximal mixing), but not
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significantly (upper bound on mH±± of ∼ 280 GeV). Varying the triplet VEV v∆ does not
affect the results significantly. There results agree with previous studies [20] and represent
a potential problem for the HTM, as they are in apparent conflict with the experimental
limits on the doubly charged mass, as summarized below.
The mass of doubly charged Higgs boson mH±± has been constrained by the Large Elec-
tron Positron Collider (LEP) [31], the Hadron Electron Ring Accelerator (HERA) [32] and
the Tevatron [33]. Some restrictions have been obtained independently of the decay modes
of the boson. Particularly, if mH±± is less than half of the Z boson mass, the new decay
mode Z → H±±H∓∓ will open. From the precise measurement of total decay width of the
Z boson ΓNPZ < 3 MeV (95%C.L.) [23], and the partial decay width into a doubly charged
boson pair, a lower mass bound mH±± > 42.9 GeV at 95% C.L. can be obtained.
The most up-to-date mass bounds have been obtained through the direct searches at
the LHC. The ATLAS Collaboration has looked for doubly charged Higgs bosons via pair
production in the same sign di-lepton final states. Based on the data sample corresponding
to an integrated luminosity of 4.7 fb−1 at
√
s = 7 TeV, the masses below 409 GeV, 375
GeV and 398 GeV have been excluded respectively for e±e±, e±µ± and µ±µ± by assuming
a branch ratio of 100% for each final state [34]. The CMS Collaboration also considered the
associated production pp → H±±H∓, in which the masses of H±± and H∓ are assumed to
be degenerate. Using three or more isolated charged lepton final states, the lower limit on
mH±± was found to be between 204 and 459 GeV in the 100% branching fraction scenarios,
and between 383 and 408 GeV for the type II see-saw scenarios [35]. These limits raise
doubts about the existence of a light doubly charged Higgs boson.
However, the constraints have been questioned by several authors. Other decay modes for
H±± such as those into W -pairs become dominant under some conditions, namely v∆ >∼ 10−4
GeV [36]. Using the ATLAS result (with 4.7fb−1 integrated luminosity at
√
s = 7 TeV) from
the search by the lepton-pair production, these authors obtain a lower limit for the doubly
charged boson mass of 60 GeV at the 95% C.L., re-evaluated to be 85 GeV for an integrated
luminosity of 20fb−1.
Still, the window for observing a light (left-handed) doubly charged Higgs boson is fairly
narrow, and it would be desirable that a viable model should be able to accommodate
heavier masses for these bosons. In the next section, we shall see that the upper bounds
on doubly charged masses from precision electroweak constraints are raised by introducing
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vector quarks.
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FIG. 1. (color online). The contribution to the T and S parameters in the HTM, as a function of
the doubly charged Higgs mass, (left) for sinα = 0, (right) for sinα = 1. We take v∆ = 1 GeV and
indicate the allowed regions for ∆T .
III.2. Vector-Like Quark contributions to the S and T parameters
The oblique correction parameter S for vector-like quarks is[37]:
S =
Nc
2pi
{∑
α
∑
i
[
(|V Lαi|2 + |V Rαi |2)Ψ+(yα, yi) + 2Re(V LαiV R?αi )Ψ−(yα, yi)
]
−
∑
β<α
[
(|ULαβ|2 + |URαβ|2)χ+(yα, yβ) + 2Re(ULαβUR?αβ )χ−(yα, yβ)
]
−
∑
j<i
[
(|DLij|2 + |DRij|2)χ+(yi, yj) + 2Re(DLijDR?ij )χ−(yi, yj)
]}
(3.8)
where the functions χ+(−) are defined as
χ+(y1, y2) ≡ y1 + y2
2
− (y1 − y2)
2
3
+
[(y1 − y2)3
6
− 1
2
y21 + y
2
2
y1 − y2
]
ln
y1
y2
+
y1 − 1
6
f(y1, y1)
+
y2 − 1
6
f(y2, y2) +
[1
3
− y1 + y2
6
− (y1 − y2)
2
6
]
f(y1, y2),
χ−(y1, y2) ≡ −√y1y2
[
2 + (y1 − y2 − y1 + y2
y1 − y2 ) ln
y1
y2
+
f(y1, y1) + f(y2, y2)
2
− f(y1, y2)
]
,
(3.9)
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and the function f is:
f(y1, y2) ≡

−2
√
∆
(
arctan
y1 − y2 + 1√
∆
− arctan y1 − y2 − 1√
∆
)
∆ > 0
0 ∆ = 0
√−∆ ln y1 + y2 − 1 +
√−∆
y1 + y2 − 1−
√−∆ ∆ < 0 ,
(3.10)
where ∆ = −1− y21 − y22 + 2y1 + 2y2 + 2y1y2. The functions Ψ+ and Ψ− are defined by
Ψ+(yα, yi) ≡ 22yα + 14yi
9
− 1
9
ln
yα
yi
+
11yα + 1
18
f(yα, yα) +
7yi − 1
18
f(yi, yi),
Ψ−(yα, yi) ≡ −√yαyi
[
4 +
f(yα, yα) + f(yi, yi)
2
]
. (3.11)
The oblique correction parameter T for vector-like quarks is:
T =
Nc
16pis2W c
2
W
{∑
α
∑
i
[
(|V Lαi|2 + |V Rαi |2)θ+(yα, yi) + 2Re(V LαiV R?αi )θ−(yα, yi)
]
−
∑
β<α
[
(|ULαβ|2 + |URαβ|2)θ+(yα, yβ) + 2Re(ULαβUR?αβ )θ−(yα, yβ)
]
−
∑
j<i
[
(|DLij|2 + |DRij|2)θ+(yi, yj) + 2Re(DLijDR?ij )θ−(yi, yj)
]}
, (3.12)
where V L,Rαi , U
L,R
αβ and D
L,R
ij are listed in Appendix. We adopted the convention of using
Greek letters to denote up-type quarks and Latin ones to denote down-type quarks. Here
Nc = 3 is the number of colours, and the functions θ+(−) are defined as
θ+(y1, y2) ≡ y1 + y2 − 2y1y2
y1 − y2 ln
y1
y2
,
θ−(y1, y2) ≡ 2√y1y2
(
y1 + y2
y1 − y2 ln
y1
y2
− 2
)
, (3.13)
where yi =
m2i
m2Z
[37]. As in the HTM without vector-like quarks, the S-parameter does not
impose any restrictions on the parameter space of the model. We concentrate on the T
parameter. As explicit expressions exist for the T parameter in some models [21], we do not
include them all. We are interested in the case in which the contributions from vector-like
quarks are of opposite signs to those from the extra states in the HTM, and thus allow
to relax the severe constraint on the doubly charged Higgs mass discussed in the previous
section. In Fig. 2, we show the contribution to the T parameter in two of the models, D1,
DX . We have chosen these models since these are the only ones which yield contributions
to the T parameter which can be negative, interfering destructively with those coming from
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the particle content of the HTM. As shown in Fig. 2, the T parameter in these models is
negative in a small region, restricting the upper bound on mH±± to ∼ 400 GeV in the DX
and D1 models. The rest of the models from Table I not shown in Fig. 2 give always a
positive contribution to the T parameter and thus, when added to the HTM contribution,
the restrictions on the doubly charged Higgs mass worsen.
-
-
 
 
-
-
 
 
FIG. 2. (color online). The allowed variation of the T parameter with xt(b), as defined in the text,
for models D1 (left panel), DX ( right panel). We chose M = 350 GeV for both plots.
III.3. Restrictions on doubly charged Higgs boson and vector-like quarks masses
We investigate further the D1 and DX models, where the negative contributions to the T
parameter are significant. For the specific models under study, we give explicit expressions
for the T parameter2:
∆TD1 =
3
16pis2W c
2
W
[
sd 2L θ+(yt, yB)− sd 2L θ+(yt, yb)− cd 2L sd 2L θ+(yb, yB)
]
,
∆TDX =
3
16pis2W c
2
W
[
su 2L θ+(yT , yb)− su 2L θ+(yt, yb) +
(
su 2L + s
u 2
R
)
θ+(yt, yX)
+
(
cu 2L + c
u 2
R
)
θ+(yT , yX) + 2s
u
Ls
u
Rθ−(yt, yX) + 2c
u
Lc
u
Rθ−(yT , yX)
− (4cu 2L su 2L + cu 2R su 2R ) θ+(yt, yT )− (4cuLsuLcuRsuR) θ−(yt, yT )]. (3.14)
2 Explicit expressions for model DX appear in [21], but we include it here, and add expressions for model
D1 for completeness.
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For a given physics model, the predictions for the T parameter consist of the sum of the
vector-quark contributions and the non-vanishing SM reminders, when the Higgs mass (mh)
and top mass (mt) differ from those used for the SM reference. The dependence of T on the
latter two parameters is then approximated by the one-loop terms
∆Th, t ∼ − 3
16pic2W
ln
m2h
m2h,ref
+
3
16pis2W c
2
W
ln
m2t −m2t,ref
m2Z
. (3.15)
The mt dependence is often neglected [38]. Assuming the Higgs mass is 125 GeV and its
reference value mh,ref = 120 GeV [21], we added the two sources (vector quark contributions
and the correction coming from the Higgs mass deviation from its reference value) to the T
parameter in the HTM.
Motivated by T parameter contributions to D1 and DX models from vector-like quarks
which are of opposite sign from the contributions in the HTM, we proceed to analyze re-
strictions on the doubly charged Higgs mass when we add the singlet B vector-like quark in
D1 scenario or the singlet T vector-like quark in the non-SM vector-like doublet in the DX
scenario, to the particle representation of the Higgs Triplet Model. In Fig. 3 we show the
effects on the T parameter as a contour in an mH±±−M plane. The upper panels correspond
to the D1 model, the lower to the DX model. The left (right) panels correspond to no mixing
(maximal mixing) in the neutral Higgs sector, i. e., between h and H. In both models, it
is clear that the presence of the mixing relaxes the constraints on the doubly charged mass
from restrictions on the T -parameter, though generally by less than 10%. In the D1 model,
the maximum doubly charged mass value allowed is mH±± = 392 GeV, reached for xb = 230
GeV for sinα = 0, while for sinα = 1, the maximum doubly charged mass value allowed is
mH±± = 410 GeV, for xb = 230 GeV. In the plots for the D1 model we include restrictions
from Zbb¯ decay, while in the plots for the DX model we include restrictions from Wtb vertex.
In the DX scenario, the maximum doubly charged mass value allowed is mH±± = 397
GeV, when xb = 360 GeV for sinα = 0, while for sinα = 1, the maximum doubly charged
mass value allowed is mH±± = 412 GeV, for xb = 370 GeV. The contour plots indicate the
values for the T parameter, as shown in the figure inserts. For all plots, we selected the
particular value for xt(b) to correspond to the largest upper limit for doubly charged Higgs
mass, as seen in Fig. 4.
We note that, in the D1 model, for the chosen values of xt(b), the mass range for the
vector-like quarks is not restricted by either the T parameter or by Zbb¯, while in the DX
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model Wtb constrains vector-like quarks to be M ≥ 300 GeV.
We are interested in restriction on vector-like quark parameters M and xb(t), which have
further implications for doubly charged Higgs boson masses, as we shall discuss.
Lower bounds on the masses of the vector-like quarks have been obtained under various
scenarios [11–13]. But in the HTM, masses of these states are more restricted by electroweak
constraints. Fig. 4 shows the dependence of T parameter and its restriction as a contour
plot in the mH±±−xb plane for model D1, for light vector-like quark masses (M = 305 GeV),
in the left-hand side of the figure, and heavy vector-like masses (M = 1000 GeV), in the
right-hand side of the figure. The upper panels are for no mixing case, sinα = 0, while the
lower panels represent the maximal mixing case, sinα = 1. In this case, the tree-level decay
Z → bb¯ imposes a lower bound on the xb parameter, xb ≥ 117 GeV, for scenario D1, and
this limit is the same from retractions on positive and negative deviations in δRb. A similar
plot for the DX model in Fig. 5 indicates that Wtb does not impose similar restrictions on
xt.
The mixing parameter xb(t) is also restricted by the T parameter, as shown in Fig. 4,
In the D1 model with vector-like quark mass M = 305 GeV, the maximum xb allowed is
xb = 400 GeV, while for M = 1000 GeV, the maximum xb allowed is xb = 538 GeV. The
same analysis for the DX model (Fig. 5) shows that, with vector-like quark mass M = 305
GeV, the upper limit for xt is xt = 723 GeV, while for M = 1000 GeV, the upper limit for
xt is xt = 553 GeV.
We note that, Fig. 4 and Fig. 5 also indicate the constraints on the doubly charged
mass, as a function of xb(t), for fixed values of vector-like quark mass parameter M , from
restrictions on the T parameter. In the D1 model, for sinα = 0, the maximum doubly
charged mass values allowed are mH±± = 382 GeV and mH±± = 329 GeV, reached for
M = 305 GeV and M = 1000 GeV respectively, while for sinα = 1, the maximum doubly
charged mass values allowed are mH±± = 397 GeV and mH±± = 343, for M = 305 GeV
and M = 1000 GeV respectively. In the plots for the D1 model we include restrictions from
Zbb¯ decay, which set lower limits on xb but seems not to affect mH±± . In the DX scenario,
for sinα = 0, the maximum doubly charged mass values allowed are mH±± = 397 GeV
and mH±± = 345 GeV, when M = 305 GeV and M = 1000 GeV, respectively, while for
sinα = 1, the maximum doubly charged mass values allowed are mH±± = 413 GeV and
mH±± = 360 GeV, for M = 305 GeV and M = 1000 GeV, respectively. Again the Wtb
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FIG. 3. (color online). Contour graphs showing the contribution to the T parameter in the HTM
with vector quarks, as functions of the doubly charged Higgs mass mH±± and the vector quark
mass M , for fixed values of xb(t). We show (upper left panel) the D1 model with xb = 230 GeV,
sinα = 0, (upper right panel) the D1 model with xb = 230 GeV, sinα = 1, (lower left panel) the
DX model with xt = 360 GeV, sinα = 0, (lower right panel) the DX model with xt = 370 GeV,
sinα = 1.
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vertex does not limit xt or mH±± .
To summarize, experimental constraints on Wtb impose restrictions on M in DX scenario,
while leaving xt free; while in the D1 scenario Zbb¯ imposes restrictions on xb while leaving
M unconstrained.
IV. EFFECT OF VECTOR QUARKS ON H → γγ AND H → Zγ
The production and decays of the vector-like quarks will proceed in the same way as in the
SM, and this was explored extensively before. However, what could be different are effects
on the loop-induced decays H → γγ and H → Zγ, through interplays of contributions of
additional particles in the loop, in our case charged and doubly charged Higgs bosons and
vector-like quarks. So in this section, we study vector-like quarks contribution to the Higgs
decay in the HTM. The decay width h→ γγ is
[Γ(h→ γγ)]HTM = GFα
2m3h
128
√
2pi3
∣∣∣∣∑
f
N fc Q
2
fghffA1/2(τ
h
f ) + ghWWA1(τ
h
W ) + g˜hH±H∓A0(τ
h
H±)
+ 4g˜hH±±H∓∓A0(τ
h
H±±) +
∑
q
YqqQ
2
qN
f
c ghff
mq
A1/2(τ
h
q )
∣∣∣∣2 , (4.1)
where the sum runs over q = t, T for up-type quarks and over b, B for down-type ones.
The value for mT is given in Eq. (2.12), and the loop functions for spin 0, spin 1/2 and
spin 1 appear in the literature. For this, and for the couplings of h to the vector bosons and
fermions, and the scalar trilinear couplings we use the same expressions as in our previous
work [17]. The couplings of the Higgs bosons with vector quarks (Yqq) appearing in Eq.
(4.1) are listed in Appendix.
The new quarks effect on the di-photon search channel at the LHC is expressed by the
ratio
Rγγ =
[σ(gg → h)× Γ(h→ γγ)]HTM
[σ(gg → Φ)× Γ(Φ→ γγ)]SM ×
[Γ(Φ)]SM
[Γ(h)]HTM
, (4.2)
where Φ is the SM neutral Higgs boson. We neglect the contribution of the b quark. The
ratio of the production cross sections by gluon fusion is
σHTM(gg → h)
σSM(gg → Φ) =
ghff +
∑
q
Yqqghff
mq
A1/2(τ
h
q )
A1/2(τht )

2
. (4.3)
19
FIG. 4. (color online). Contour graphs showing the contribution to the T parameter in the HTM
with vector quarks, scenario D1, as functions of the doubly charged Higgs mass mH±± and xb, for
fixed values of the vector quark mass M . We choose (upper left panel) M = 305 GeV, sinα = 0,
(upper right panel) M = 1000 GeV, sinα = 0, (lower left panel) M = 305 GeV, sinα = 1, (lower
right panel) M = 1000 GeV, sinα = 1.
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FIG. 5. (color online). Same as Fig. 4, but for the DX scenario.
As in [4], we set the values 125 GeV and 98 GeV for the h and H masses respectively, and
adjust the parameters λ1 − λ5 accordingly. The relative widths factor is as defined in [17].
Previously, in [18], couplings of the vector quarks and in the Higgs potential were assumed
to be arbitrary, and thus the gg → H production rate could be reduced to 20% of the SM
value. In our considerations, vector quark couplings are restricted from the mixing matrices
Eq. (2.11) and Eq. (2.13), and we relate the couplings in the Higgs potential to the Higgs
masses [4].
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Our numerical investigations agree with those in [13]. In both the loops for Higgs pro-
duction through gluon fusion, and in the loops for Higgs di-photon decay, the contributions
of the vector -like quarks are very small. This effect is stronger than expected by decou-
pling, and arise also from small couplings of the new quarks, given in the Appendix. The
couplings of the new quarks to the Higgs bosons is limited by the trace of the mixing matrix
for both singlet/triple and for doublet representations, which must equal 1 [13]. Even for
light masses, varying M ∈ (100− 500) GeV and xb(t) ∈ (0− 1000) GeV, the variation in Rγγ
is less than 10%, and thus below the precision of the current measurements at the LHC.
The decay rates Rγγ and RZγ depend sensitively on sinα and mH±± . We investigate this
dependence in the context of the HTM model with vector quarks, because, although the
vector quarks do not explicitly modify the di-photon and Z-photon decays, they affect the
parameter space of sinα - mH±± through restrictions on the T parameter, and thus they
indirectly affect the decays.
The results of our analyses are shown in Fig. 6. In purple, we draw contour plots for
the T parameter restrictions, while values for Rγγ are shown in multicolor contours. We
have drawn plots for scenarios (in order, from the top, left to right side): D1, DX , DY , TX ,
D2, U1, but we omit plots for for scenario TY , for brevity, and because for this model the
allowed range for mH±± for the parameters chosen is the smallest. The differences in the
contours for Rγγ between models are negligible: however, what differs amongst models are
restrictions on the values of the doubly charged Higgs boson mass.
For the model D1 (top left panel), Rγγ can take values between 0.5 and 4, but the mass
mH±± is restricted to lie in a band (318 − 400) GeV; while for scenario DX (middle top
panel), Rγγ can take values between 0.5 and 3, but the mass mH±± is restricted to lie in a
band (333− 412) GeV. For the other scenarios, Rγγ can take values between 0.5 and 5, but
the mass mH±± is restricted to lie in a band (100−263) GeV for the D2 model, in (100−283)
GeV for the DY model, in (100 − 250) GeV for the TX model, and in (100 − 268) GeV for
the U1 model. The restriction on the mass of the doubly charged Higgs boson is thus what
differentiates these models.
We note also that, as in HTM without additional fermions, for sinα = 0 the Higgs di-
photon decay cannot be enhanced with respect to its SM value. This confirms our previous
analyses in [4, 17]. The relative branching ratios Rγγ are very sensitive to values of sinα.
In the allowed regions of mH±± bands, the angle for which the enhancement in the di-
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photon decay is 1.5 − 3.5 times the SM value is sinα ∈ (−0.95,−0.23) in model D1, while
in model DX the same enhancement is obtained for sinα ∈ (−0.93,−0.25). In this model,
an enhancement is also possible for positive sinα ∈ (0.75, 0.93), where Rγγ = 1.5. In the
D2 model an enhancement of Rγγ of 1.5− 3.5 is obtained for a large range of both positive
sinα ∈ (0.08, 1) and negative values sinα ∈ (−1,−0.02), and the same holds for the other
models, DY , TX , U1 and TY . As a general feature, Rγγ is more enhanced at negative values
of sinα. In all the plots we chose a light M = 305 GeV, just above our required minimum,
and values for xt and xb consistent with a large allowed parameter range for mH±± . For
models D1, the plots are for xb = 230 GeV, above the required minimum, while for model
DX , the plots are for xt = 370 GeV, consistent with the previous section. For other models,
the restrictions for xb and xt are much relaxed, and we have chosen xb = 20 GeV and
xt = 50GeV , as in previous studies [21, 22]. An exception is model TY , where in order to
have a −0.2 ≤ ∆T ≤ 0.4, xt < 30 GeV, and the mass range for the doubly charged Higgs
boson increases with decreasing xt.
In general, for heavier M and lighter xt(b), we can obtain a slightly higher upper band
for mass of doubly charged Higgs bosons. The exceptions are, the TY model, as mentioned
above, and D1 and DX models, where higher upper limits for mHpm± are obtained for lighter
vector-like quark masses M .
The decay width for h→ Zγ is given by [39]:
[Γ(h→ Zγ)]HTM = αG
2
Fm
2
Wm
3
h
64pi4
(
1− m
2
Z
m2h
)3 ∣∣∣∣ 1cW ∑
f
2N fc Qf (I
f
3 − 2Qfs2W )ghffAh1/2(τhf , τZf )
+
1
cW
∑
q
2N fc Qq(I
q
3 − 2Qqs2W )
Yqq
mq
ghffA
h
1/2(τ
h
q , τ
Z
q )
+ cWghWWA
h
1(τ
h
W , τ
Z
W )− 2sW g˜hH±H∓gZH±H∓Ah0(τhH± , τZH±)
− 4sW g˜hH±±H∓∓gZH±±H∓∓Ah0(τhH±± , τZH±±)
∣∣∣∣2 , (4.4)
where the sum runs over q = t, T for up-type quarks and over b, B for down-type ones and
τhi = 4m
2
i /m
2
h, τ
Z
i = 4m
2
i /m
2
Z , with i = t, T, b, B,W,H
±, H±±. If3 = ±12 is the weak isospin
of top and bottom quarks, while for vector-like quarks IF3 = I
f
3 + fL = fR, with F = T,B,
and fL, fR depend on the vector-like quark representation [40], and are listed in Table II.
The loop-factors are and couplings have been given before, and we use the expressions in
[17].
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FIG. 6. (color online). Contour graphs for the relative strength of the Higgs di-photon decay Rγγ ,
including the restrictions of the T parameter in the HTM with vector quarks, as a function of the
doubly charged Higgs boson mass mH±± and the mixing in the CP-even neutral Higgs sector, sinα.
We show plots for scenario D1 (upper left panel), scenario DX (upper middle panel), scenario DY
(upper right panel), scenario TX (lower left panel), scenario D2 (middle lower panel) and scenario
U1 (lower right panel). Results for scenario TY are not shown, but summarized in the text. We
took M = 305 GeV for all the graphs, and values for xt, xb consistent with a larger allowed range
for mH±± .
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TABLE II. Neutral current parameters fL and fR for vector-like quarks Z interaction.
Name U1 D1 D2 DX DY TX TY
Type Singlet Singlet Doublet Doublet Doublet Triplet Triplet
T
fL
fR
−1/2
0
0
+1/2
−1
−1/2
−1/2
0
+1/2
+1
B
fL
fR
+1/2
0
0
−1/2
+1
1/2
−1/2
−1
+1/2
0
The decay rates for RZγ depend on sinα and mH±± , though the variation is much milder
than that for Rγγ. We investigate the dependence in Fig. 7 on the parameter space of
sinα - mH±± through restrictions on the T parameter. Contour plots for the T parameter
restrictions are shown in the (almost) horizontal bands, while values for RZγ are shown in
purple contours. Scales for both are included on the right panels. We have drawn plots for
the same scenarios and the same order as for Rγγ: D1, DX , DY , TX , D2, U1. The features
for RZγ resemble those for Rγγ. Distinguishing signs among models come from restrictions
on the values of the doubly charged Higgs boson mass. The relative branching ratios RZγ
are also sensitive to values of sinα. For model D1, in the regions allowed by mH±± bands,
the enhancement in the Zγ decay can be at most the SM value for sinα ∈ (−0.7,−0.02)
and reaches 1.25 when sinα ∈ (−0.7,−0.02). In model DX also no enhancement is obtained
for any values of the mixing angle and RZγ = 1 for sinα ∈ (−0.64,−0.02) region. In the D2
model enhancements of RZγ of 1.25 − 2 are possible for both negative sinα ∈ (−1,−0.12)
values, and the same holds for the other models, DY , TX , U1 and TY . Decays into Zγ are
correlated to those into γγ –that is, they are likely to be larger in the same regions of the
parameter space, and for low doubly charged Higgs boson masses.
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FIG. 7. (color online). Contour graphs for the relative strength of the decay of the Higgs boson
into a photon an a Z-boson, RZγ , including the restrictions of the T parameter in the HTM with
vector quarks, as a function of the doubly charged Higgs boson mass mH±± and the mixing in the
CP-even neutral Higgs sector, sinα. We show plots for scenario D1 (upper left panel), scenario DX
(upper middle panel), scenario DY (upper right panel), scenario TX (lower left panel), scenario D2
(middle lower panel) and scenario U1 (lower right panel). Results for scenario TY (not shown) are
summarized in the text. We choose the same parameters as in Fig. 6.
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V. SUMMARY AND CONCLUSION
In this work we analyzed the effects of introducing vector-like states in the Higgs Triplet
Model, allowed to be U-type or D-type singlets (U1, D1), SM-like or non SM, U-type or D-
type doublets (D2, DX , and DY ), and U-type or D-type triplets (TX and TY ). To conserve
flavor, the only restriction we imposed was weak mixing with only the third family of ordinary
quarks.
We posed the question: how does the introduction of these states affect the electroweak
precision variables of the HTM. We were particularly interested in constraints on the mixing
of the CP-even neutral Higgs bosons, the masses of the vector-like quarks and the mixing
parameters with the ordinary quarks; and the mass of the doubly charged Higgs boson. We
review here the constraints obtained in order.
First, the oblique parameters S, T and U were not all equally sensitive to mass param-
eters. We concentrated on the T parameter, which showed significant variations with the
doubly charged Higgs mass, in the absence of vector-like fermions. The doubly charged mass
was restricted in a band around (100-280) GeV, varying very slightly with the triplet VEV,
and about 10% with the mixing angle in the neutral Higgs sector. And the contributions of
the HTM model to the T parameter ware found to be always positive. Addition of vector-like
quarks also affects the T parameter. While in models U1, D2, DY , TX and TY their contri-
bution is always positive, in models D1, DX , there is a region of parameter space where the
contribution is negative, thus subtracting from the contribution from the doubly charged
Higgs bosons and raising the bound on their masses. We have investigated this in detail
for models D1 and DX , as the negative contribution to the T parameter occurs for a larger
range of the mixing parameter xb and xt. The D1 and DX models are then distinguishable
in this framework, as they require doubly charged Higgs boson masses in the ∼ 300 − 400
GeV region to satisfy electroweak constraints, while the other models require significantly
lighter doubly charged Higgs bosons in the ∼ 100− 290 GeV region. Electroweak precision
data also restricts the mixing parameters xb in the (117 − 400) GeV range for relatively
light vector-like quark masses (M ∼ 300 GeV), while for heavier masses, M ∼ 1000 GeV,
the mixing parameters range is increased to xb ∈ (117 − 550) GeV. The lower limit comes
from Zbb¯ constraints. A different restriction occurs for xt. First, the Wtb vertex does not
impose a lower limit, and second, the range of this parameter decreases when the mass of
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the vector-like quark mass increases, so that xt ∈ (0, 725) GeV for M ∼ 300 GeV, and
xt ∈ (0, 550) GeV for M ∼ 1000 GeV.
The effects of vector-like parameters on limits on the doubly charged Higgs boson masses
are as follows. In the models U1, D2, DY , TX , increasing M and decreasing xt(b) yields a
slightly higher upper band for doubly charged Higgs bosons mass. While in the TY model,
where very light xt values are required, decreasing these mixing parameters increases the
doubly charged mass, and in D1 and DX models, higher upper limits for mH±± are obtained
for lighter vector-like quark masses M .
While the production and decay mechanisms of the vector-like quarks are not modified by
the particles in the HTM (as the only new particles, the triplet Higgs bosons, do not couple
to quarks), loop-induced decays of the neutral Higgs bosons are affected. Interestingly, while
the masses and mixing parameters of the vector-like quarks have little effect on the H → γγ
and H → Zγ decays, as in the SM, the effects of vector-like quarks come from combining
these with constraints from electroweak precision observables.
These observables restrict the doubly charged Higgs boson mass to be in the (about)
300-400 GeV for models D1 and DX , and (about) 100-290 GeV for the rest of the models.
Enhancement of the rates Rγγ and RZγ are more likely to occur at negative values of sinα,
the mixing angle in the neutral Higgs sector, and in particular, for model DX , only for
negative values. Scenarios D1 and DX scenario predict no enhancement of RZγ in the allowed
parameter region. Thus in the HTM, scenarios D1 and DX stand out as distinguishable from
the rest (from doubly charged Higgs boson mass restrictions) and from each other (from
regions and strength of possible enhancements in loop dominated Higgs decays).
To summarize, introducing vector-like quarks in the Higgs Triplet Model alters the elec-
troweak constraints on the parameters of the model and yields tighter predictions for the
enhancement of loop-dominated Higgs decays, expected to be measured even more precisely
at the LHC operating at 13 TeV.
VI. APPENDIX
We list below the W and Z couplings in quark-like models used to restrict masses and
mixings in the D1 and DX models.
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TABLE III. Couplings to the W and Z bosons
Light-light couplings to the W boson
model / matrix element V Ltb V
R
tb
D1 cdL 0
DX cuL 0
Heavy-heavy couplings to the W boson
model / matrix element V LXT V
R
XT
DX cuL cuR
Heavy-light couplings to the W boson
model / matrix element V LXt V
R
Xt V
L
Tb V
R
Tb
DX −suL −suR suL 0
Light-heavy couplings to the W boson
model / matrix element V LtB V
R
tB
D1 sdL 0
Light-heavy couplings to the Z boson
model / matrix element ULtT U
R
tT D
L
bB D
R
bB
D1 sdLcdL 0
DX 2suLcuL suRcuR
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We list below the Higgs boson couplings in quark-like models.
TABLE IV. Couplings to the Higgs bosons
Light-light couplings to the Higgs boson
model / matrix element Ytt Ybb
U1 cuL2 1
D1 1 cdL
2
DX cuR2 1
D2 cuR2 cdR
2
DY 1 cdR
2
TX cuL2 cdL
2
TY cuL2 cdL
2
Heavy-heavy couplings to the Higgs boson
model / matrix element YTT YBB
U1 suL2
D1 sdL
2
DX suR2
D2 suR2 sdR
2
DY sdR
2
TX suL2 sdL
2
TY suL2 sdL
2
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